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Abstract. Extensively managed grasslands are recognized globally for their high biodiversity and their
social and cultural values. However, their capacity to deliver multiple ecosystem services (ES) as parts of agri-
cultural systems is surprisingly understudied compared to other production systems. We undertook a com-
prehensive overview of ES provided by natural and semi-natural grasslands, using southern Africa (SA) and
northwest Europe as case studies, respectively. We show that these grasslands can supply additional non-
agricultural services, such as water supply and ﬂow regulation, carbon storage, erosion control, climate miti-
gation, pollination, and cultural ES. While demand for ecosystems services seems to balance supply in natural
grasslands of SA, the smaller areas of semi-natural grasslands in Europe appear to not meet the demand for
many services. We identiﬁed three bundles of related ES from grasslands: water ES including fodder produc-
tion, cultural ES connected to livestock production, and population-based regulating services (e.g., pollination
and biological control), which also linked to biodiversity. Greenhouse gas emission mitigation seemed unre-
lated to the three bundles. The similarities among the bundles in SA and northwestern Europe suggest that
there are generalities in ES relations among natural and semi-natural grassland areas. We assessed trade-offs
and synergies among services in relation to management practices and found that although some trade-offs
are inevitable, appropriate management may create synergies and avoid trade-offs among many services. We
argue that ecosystem service and food security research and policy should give higher priority to how grass-
lands can be managed for fodder and meat production alongside other ES. By integrating grasslands into agri-
cultural production systems and land-use decisions locally and regionally, their potential to contribute to
functional landscapes and to food security and sustainable livelihoods can be greatly enhanced.
Key words: biodiversity; Europe; food security and agricultural production systems; grassland biome; semi-natural
grasslands; South Africa.
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INTRODUCTION
Grasslands are one of the major ecosystems of
the world, covering close to one-third of the
Earth’s terrestrial surface (Suttie et al. 2005,
Lemaire et al. 2011). Extensively managed grass-
lands are recognized globally for their high bio-
diversity (Habel et al. 2013), and together with
other rangelands, they often contribute to agri-
cultural production through livestock grazing on
forage that cannot be used directly by humans
(Erb et al. 2016). Three major types of grasslands
can be distinguished within agricultural produc-
tion systems: natural, semi-natural, and impro-
ved grasslands (Bullock et al. 2011, Lemaire
et al. 2011). Natural grasslands forming the
grassland biomes are natural areas mainly cre-
ated by processes related to climate, ﬁre, and
wildlife grazing (Parr et al. 2014), but are also
used by livestock. Semi-natural grasslands are
the product of human management, require live-
stock grazing or hay-cutting for their mainte-
nance, and will generally be encroached by
shrubs and trees if taken out of production
(Queiroz et al. 2014). Improved grasslands are
pastures resulting from plowing and sowing
agricultural varieties or non-native grasses with
high production potential. They are usually arti-
ﬁcially fertilized and maintained by intensive
management (Suttie et al. 2005, Pilgrim et al.
2010). We focus on the former two types of grass-
lands, because of their importance for biodiver-
sity, their decline in area worldwide, and the fact
that their full capacity to deliver ecosystem ser-
vices (ES) as part of agricultural production sys-
tems is not well appreciated.
Natural and semi-natural grasslands, hereafter
collectively called grasslands, have played an
important role in people’s livelihoods for millen-
nia as areas producing fodder for animals (Ema-
nuelsson 2009). Despite an increasing demand
for animal products due to a growing human
population and increased per capita consump-
tion of these products, the requirement for
greater meat and dairy production is not leading
to an increase in grassland areas used for grazing
but is being met rather by the production of fod-
der on cropland and improved grasslands (Nay-
lor et al. 2005, Erb et al. 2016). Competition for
land and other resources for agriculture is pre-
dicted to increase considerably by 2050 (FAO
2009, Smith et al. 2010), accentuated by ongoing
climate change (Harvey and Pilgrim 2011, R€o€os
et al. 2017). This has led to an increased focus on
food production and food security in science and
policy (e.g., Godfray et al. 2010, Foley et al. 2011,
SCAR 2011, Poppy et al. 2014), often invoking
the concept of sustainable intensiﬁcation, in
terms of the increase of food production on exist-
ing cropland (e.g., Godfray et al. 2010, Garnett
et al. 2013). However, these discussions usually
neglect the role grasslands might play for food
security (but see, e.g., Kemp and Michalk 2011,
O’Mara 2012).
Grasslands have declined worldwide during
the last century (Egoh et al. 2016), mainly due to
conversion to arable land for production of ani-
mal feed crops and, conversely, lack of manage-
ment and abandonment (Queiroz et al. 2014). In
southern Africa (SA), more than 20% of the
grassland biome has been cultivated, 60% is irre-
versibly transformed to other land uses (Fair-
banks et al. 2000), and most of the remainder is
used as rangeland for livestock (O’Connor and
Bredenkamp 1997). Over 90% of the semi-natural
grasslands in northern Europe have been lost
since the 1930s (Eriksson et al. 2002, Bullock
et al. 2011, Pe’er et al. 2014). In North America,
80% of the central grasslands has been converted
to cropland (Foley et al. 2005, Suttie et al. 2005).
Similarly, more than 43 million hectares of the
Eurasian steppe have been converted into crop-
land, and 60–80% of the grassland area in South
America is degraded (Suttie et al. 2005).
Besides having a high conservation value and
supporting food production, grasslands may also
be important contributors of ES (Sala and Paru-
elo 1997, Pilgrim et al. 2010, Bullock et al. 2011,
Lemaire et al. 2011, Lavorel et al. 2013, Werling
et al. 2014, Burrascano et al. 2016, Modernel
et al. 2016). However, grasslands have remained
under-appreciated in the framework of ES
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(Frelichova et al. 2014; see Appendix S1), and
sometimes, grasslands have been combined with
other rangelands that include shrubland, deserts
and savannas (e.g., Sala et al. 2017). Similarly,
grasslands have received substantially less atten-
tion in the multiple ES framework compared to
other production systems, such as forest (Gam-
feldt et al. 2013) and cropland (Robertson et al.
2014; Appendix S1). Grasslands have also been
largely neglected in global policy discussions
concerning ES (e.g., IPBES, Diaz et al. 2015, Pas-
cual et al. 2017; see also Parr et al. 2014, Bond
2016), despite having been highlighted regionally
in, for example, South Africa (Reyers et al. 2005,
Turpie et al. 2008, Egoh et al. 2016) and the UK
(Bullock et al. 2011). Not only do grasslands
have a local importance for the maintenance of
biodiversity and food production, but they also
affect ecological processes at landscape (e.g., pol-
lination), regional (e.g., water regulation, recre-
ation), and global scales (e.g., climate regulation).
To understand the full potential for grasslands
to deliver ES to society locally, regionally and
globally, both ES supply (the capacity of an
ecosystem to produce a service) and demand
(the societal demand for a service) must be
acknowledged (Lamarque et al. 2011), as well as
synergies and trade-offs among ES (Bennett et al.
2009). However, most studies of ES do not distin-
guish between supply and demand (Burkhard
et al. 2012, Yahdjian et al. 2015). Demand for an
ES can change independently of its supply, and
supply can change without altered demand. For
example, the supply of water for irrigation can
change irrespective of the demand from different
stakeholders (farmers, conservation managers).
The supply can come from different ecosystems
(e.g., grassland ecosystems supply water for for-
age production while forest ecosystems supply
drinking water; Yahdjian et al. 2015).
To provide a more detailed analysis of the ES,
grasslands provide as parts of agricultural pro-
duction systems, and how these systems vary in
ES delivery depending on the existence and man-
agement of grasslands, we focus on the natural
and semi-natural grasslands in two contrasting
regions as case studies: (1) the natural grassland
biome of SA and (2) the semi-natural grasslands
in northwestern Europe (NE; Fig. 1). We provide
an overview of the demand in society for multi-
ple ES that can be supplied by grasslands in the
two regions, and how grasslands contribute to
their supply at local and regional scales. Speciﬁ-
cally, we examine the following: (1) the general
demand for a selected number of ES that can be
supplied from grassland, and the extent to which
supply from grassland may meet societal
demands (Table 1), (2) synergies and trade-offs
among grassland ES, (3) the role of biodiversity
in generating these ES, and (4) how to use this
knowledge to improve land-use planning and
enhance food security in the face of ongoing glo-
bal change.
METHODS
To structure our analyses, a workshop was
organized at STIAS (Stellenbosch Institute of
Advanced Study) in South Africa, at which
invited grassland experts (i.e., the authors) iden-
tiﬁed the major issues concerning the role of
grasslands in supplying important ES. There is a
wide range of typologies of ES in the literature.
In our analysis, the categorization of ES was
modiﬁed from the Millennium Ecosystem
Assessment (MA; 2005), TEEB (2010), and the
UK NEA (2011; see Table 1). For each case (NE
and SA), we estimated the demand in society for
ES produced in grasslands, and the supply of
those ES from grasslands, on a three-level ordinal
scale (low, medium, and high; Table 1). We also
identiﬁed knowledge gaps based on the two
regional case studies. The analysis was based on
discussions and deliberations to provide a bal-
anced and consensual judgment. Subsequently,
data on these grasslands, as well as others world-
wide, were obtained through a thorough survey
of the scientiﬁc literature, including some of the
gray literature (Sections about provisioning, reg-
ulating, and cultural services, below; Appendix
S1). Since this survey focused on obtaining data
on the potential of grasslands to supply the dif-
ferent ES, it allowed a closer scrutiny and in
some cases a re-assessment of the initial results
from the workshop. We did not implement a sys-
tematic review methodology because we did not
have a simple set of questions. When data were
available and it was relevant, we also compared
ES supply from grasslands with that from other
ecosystems, including forest and cropland. By
combining the literature overview with expert
opinion, we were able to crosscheck conclusions
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from different sources to search for general
trends and regularities (termed triangulation in
the social sciences, e.g., O’Donoghue and Punch
2003).
We made an assessment of the discrepancy
between supply and demand of ES for each case
by plotting supply (x) vs. demand (y) using the
three-level ordinal scale and counting the num-
ber of cases where demand was higher, similar
to, or lower than supply. Whether the assessed
distribution across the three categories differed
between the two cases was tested by a G-test
with William’s correction for small sample sizes.
Ecosystem services that co-vary spatially
(Raudsepp-Hearne et al. 2010) and are related
either because they are based on the same
ecosystem processes or are inﬂuenced by similar
management or environmental drivers, are ter-
med bundles (Bennett et al. 2009). By combining
expert knowledge from the workshop and the lit-
erature, we identiﬁed potential pairwise relation-
ships between grassland ES, and subsequently,
Fig. 1. (a) The global distribution of grasslands and rangelands (map modiﬁed from Wikipedia https://en.
wikipedia.org/wiki/File:Rangeworld545.png; open source). The green dashed circles show the major grassland
biomes, while the red circles show the two selected study regions northern Europe representing semi-natural
grasslands (b) and southern Africa, representing natural grasslands (c). (b) Semi-natural grasslands in Sweden
(photo R. Lindborg). (c) A natural grassland area in South Africa (photo J. Bengtsson).
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we identiﬁed such bundles as well as possible
synergies and trade-offs between ES from grass-
lands (Appendix S3). This was done by con-
structing matrices describing correlations among
the ES in each of the two case studies
(Appendix S3: Table S1a–b). Cluster and factor
analyses were carried out on data based on the
literature reviewed (Appendix S3) to explore
whether our assessment of ES could identify
such bundles. It was assumed that the services
are to some degree produced locally in a land-
scape and hence to some degree spatially corre-
lated (see Lindborg et al. 2017 for further
discussion on this assumption).
Table 1. Relative evaluation of supply and demand of ecosystem services from grasslands in northern Europe
(NE) and southern Africa (SA).
Ecosystem
service
group
Ecosystem
service
category
Ecosystem
service
Demand from society Supply from grasslands
Other
remarksNE SA Comment NE SA Comment
Water
services
Provisioning Water
quantity
H H In general,
both
quality
and
quantity
L H Related to area
of grasslands
Provisioning Water
quality
H H M H
Regulating Water ﬂow
regulation
H H In SA, both
ﬂow
regulation
and
base ﬂow
M H
Climate
regulation
Regulating C-sequestration
C-storage
(soil organic
matter)
Mitigation of
greenhouse
gas ﬂuxes
M L In NE,
payments
for C-
sequestration
and C-trading
exist,
but not in SA.
Therefore,
M and L
demand,
respectively,
because
there is still
little real
political
commitment
to climate
change
mitigation
that would
indicate high
demand
from society.
Political
decisions
are often
taken that
conﬂict with
climate
regulation
agreements,
which still
are weak and
ineffective
in themselves
M H The climate
regulation
services
were combined
because they
are difﬁcult
to examine
separately.
Several are
also related to
water and
soil services.
Erosion
prevention
Regulating L–H H In NE,
demand is
locally high
L–H H In NE, potential
supply varies
locally
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ANALYSIS AND OVERVIEW OF RESULTS
Supply and demand of ES
The estimated demand for different ES that
can be supplied from grasslands varied from
high to low across the two regions (Table 1).
Our analysis suggests that in NE, the estimated
demand for ES that can be obtained from grass-
lands was often higher than the estimated sup-
ply from grasslands, while in SA, demand was
(Table 1. Continued.)
Ecosystem
service
group
Ecosystem
service
category
Ecosystem
service
Demand from society Supply from grasslands
Other
remarksNE SA Comment NE SA Comment
Plant
biomass
production
Provisioning Fodder
provides
the basis
for ecosystem
services
related to
livestock
production
Provisioning Meat
production
H H Demand
for meat
in general
high
L H
Provisioning Dairy H H Demand
for dairy is
in general
high, but
demand
explicitly from
grasslands
often L-M
L M
Provisioning Wool, hides M M L H
Other
products
Provisioning Medicinal
plants
L H 0 M
Provisioning Materials L H 0 M
Provisioning Wild foods L L L L
Agricultural
crop yield
Regulating Pollination of
crop plants
H M M M Knowledge/
data
on speciﬁc
contribution
from natural
and
semi-natural
grasslands is
insufﬁcient
Regulating Biological
control
of pests
H H M M
Cultural
services
Cultural Tourism and
recreation
H H M M
Cultural Hunting H M L M
Cultural Heritage
Spiritual
Social
cohesion
M M H M
Cultural Cultural
aspects
of cattle
L H L M–H
Cultural Scientiﬁc M M H H
Notes: Supply/demand as assessed by the experts on the workshop: L=low, M=medium, H=high. Ecosystem service catego-
rization was based on the MA framework (MA, 2005), the Economics of Ecosystem and Biodiversity (TEEB, 2010), and the UK
NEA (2011) typologies (see also CICES, Haines-Young and Potschin 2013). Three categories (sections) of services were used:
provisioning (direct services, UK NEA), regulating (regulating and supporting, MA; indirect, UK NEA; regulation and mainte-
nance, CICES), and cultural.
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usually similar to supply, with no trend toward
higher or lower demand vs. supply (Fig. 2). This
likely reﬂects the great decreases in semi-natural
and natural grasslands in NE. It suggests that
policies to increase the area of grasslands and
manage them to enhance ES would meet a
demand from society in developed regions such
as NE and North America. In contrast, the ﬁnd-
ing that societal demand for ES in SA was often
matched by supply from grasslands suggests
that here more emphasis should be on improv-
ing management of existing grasslands and
development of policies mitigating their decre-
ase and degradation. This seems especially imp-
ortant given the likelihood that SA will become
hotter and drier with climate change (e.g., Col-
lier et al. 2008), and the increasing pressure on
land as human populations grow (e.g., Holden
and Otsuka 2014).
The demands for water supply (quantity,
quality, and ﬂow regulation), livestock prod-
ucts, agricultural production-related services,
and recreation were generally high in both SA
and NE. Demand for other services differed
between regions, for example, wild food, mate-
rials, and medicinal plants being low in NE
and high in SA compared to hunting and ani-
mal-mediated pollination, which were higher in
NE (Schulp et al. 2012, Bommarco et al. 2013,
Schulp et al. 2014; Table 1). Climate change
affects humans globally. However, although
payment systems for mitigating climate change
and decreasing greenhouse gases have been
widely discussed, for example, REDD+ and
CDM for forests (Jackson et al. 2008), the efﬁ-
ciency of these systems in grasslands has been
questioned (Parr et al. 2014). Thus, the actual
political, as well as the general, demand for cli-
mate regulation from grasslands seems pre-
sently low in NE and almost nil in SA. This
demand may increase if the agreements on the
Paris climate meeting in 2015 are indeed trans-
lated into stricter and more effective policies
for climate change mitigation by 2020 (Euro-
pean Commission 2018; it has, however, been
questioned whether the Paris agreement will be
effective in keeping climate change below +2°,
e.g., Anderson 2015). Table 1 compiles esti-
mates of the general demand for speciﬁc ES in
the two regions and how they may be met by
supply.
That grasslands can supply a large number of
provisioning, supporting, and cultural ES was
evident for both NE and SA (Table 1; see sections
below for details). Most important among these
are services related to water, such as water quan-
tity and ﬂow regulation, erosion control, and car-
bon storage, and in SA also meat, wool, and hide
Fig. 2. The number of ecosystem services (ES) where demand (D) was assessed to be higher, similar or lower
than supply (S) in northern Europe (NE; yellow) vs. southern Africa (SA; green). The ﬁgure is based on the
assessments of demand and supply of ES in Table 1. The distributions differ signiﬁcantly between the two areas
(G-test, Gadj = 6.78, P < 0.05, df = 2), with NE having signiﬁcantly more services where demand was assessed as
higher than supply than expected by chance: sign tests: P = 0.02, SA: P = 0.26, excluding DS). Note: This tests
if the assessments differ between the two areas, not whether there is a real difference.
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production (Table 1). The supply of the three lat-
ter ES in NE is likely limited because of the small
areas of semi-natural grasslands presently used
for animal production. Cultural aspects of grass-
lands are of intermediate to large importance in
both SA and NE. Grasslands may contribute to,
for example, cultural heritage, social cohesion,
and recreation (Table 1). However, in many cases
the speciﬁc contribution of grasslands, rather
than open landscapes in general, to cultural val-
ues has not been clariﬁed. Similarly, there are
surprisingly few studies explicitly relating grass-
lands to ES contributing to agricultural yield,
that is, biological control or pollination, despite
the large number of studies on how these ES are
enhanced by semi-natural habitats in agricultural
landscapes in Europe.
Biodiversity and grassland ecosystem services
Based on the literature, we ﬁnd surprisingly
little evidence that the high small-scale biodi-
versity found in natural and semi-natural grass-
lands is strongly related to the supply of ES
(Appendix S2: Table S1). Grasslands have been
playing a prominent role in biodiversity–ecosys-
tem functioning research. However, most of this
research is from synthetic grassland experiments,
and apart from effects on biomass production,
the importance of biodiversity, especially of high
local species richness beyond 10 species, rem-
ains to be examined for most grassland ES (see
Bullock et al. 2011). Water services and erosion
control are mainly dependent on vegetation,
where structure, complementarity in function
and traits of speciﬁc plant species, is more
important than species richness. This is also
likely the case for the processes involved in car-
bon sequestration and storage. Soil processes
usually depend on functional diversity of soil
organisms (Set€al€a 2002, Wardle et al. 2011), but
not species richness per se. However, the differ-
ent processes involved in climate regulation are
carried out by functionally different sets of
species, indicating that a larger number of func-
tional groups and thus species may be needed
for multiple than for single ES (Gamfeldt et al.
2008).
Increased plant diversity often results in
enhanced biomass production in experimental
grasslands (e.g., Hector et al. 1999, Tilman et al.
2001, Bullock et al. 2007). In most of these cases,
the species involved are common and not of high
conservation value. However, Lyons et al. (2005)
made a case for rare species having an effect on
ecosystem functioning. There are very few stud-
ies specially examining this for grasslands, but
Mouillot et al. (2013) found evidence for this
among alpine grassland plants. The role of rare
species and high biodiversity for ES is thus unre-
solved and may be more related to stability and
resilience of ES delivery than to process rates
(e.g., Elmqvist et al. 2003, Loreau et al. 2003) or
to ecosystem multifunctionality (Soliveres et al.
2016).
Bundles of ecosystem services
Our exploratory analysis identiﬁed three bun-
dles of ES that were similar in the two areas
(Fig. 3). One bundle was dominated by water
ES and also included the key grassland ES fod-
der production. A number of cultural ES that
are connected to livestock production, for exam-
ple, tourism and social coherence, formed a sec-
ond bundle. This bundle encompassed more
services in SA than in NE; in SA, it also
included use of medicinal plants, wild food,
and materials. Meat production linked to the
water services bundle in SA, whereas it linked
to cultural services in NE. A third bundle con-
sisted of the regulating services pollination and
biological control, which are not directly linked
to fodder and livestock production. These were
also linked to biodiversity. A fourth group of
ES was mainly deﬁned by the lack of related-
ness to other services, both within the group
and with the three bundles. In SA, this group
only included mitigation of greenhouse gas
(GHG) emissions. In NE, it included mitigation
of GHG emissions, wild foods and materials,
medicinal plants, and hunting.
The similarities among the bundles in SA and
NE suggest that there are generalities in ES rela-
tions among natural and semi-natural grassland
areas. Speciﬁcally, (1) water services and carbon
storage, (2) cultural ES, and (3) population-based
and biodiversity-related services could be identi-
ﬁed in both areas. The ES found within each bun-
dle are likely to be suitable to manage together.
However, we emphasize that empirical data on
ecosystem service relationships in grasslands are
needed to conﬁrm these ﬁndings, as done by Bir-
khofer et al. (2018) for arable ﬁelds.
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PROVISIONING AND REGULATING ECOSYSTEM
SERVICES FROM GRASSLANDS
Water supply
In NE, the supply of water from semi-natural
grasslands is presently small because of their
limited extent and smaller per unit area supply
compared to, for example, forests (Weatherhead
and Howden 2009). However, locally their role
can be appreciated by stakeholders, both regio-
nal experts and local farmers (Lamarque et al.
2011). In SA, the supply is much greater since the
Fig. 3. Bundles of ecosystem services (ES) provided by semi-natural (a) and natural (southern Africa; b) grass-
lands, emerging from cluster and factor analyses of tentative correlations between ES (see Appendix S2). The
numbers in the cluster diagrams (right) refer to individual services: 1, water quantity; 2, water quality; 3, water
regulation; 4, carbon storage; 5, greenhouse gas (GHG) emission mitigation; 6, erosion prevention; 7, fodder pro-
duction; 8, meat production; 9, wild food and materials; 10, medicinal plants; 11, pollination; 12, biological con-
trol; 13, tourism/recreation; 14, cultural heritage; 15, hunting; 16, cultural, cattle; 17, social coherence; 18,
spiritual. We also included 19, Biodiversity, in the analysis in order to incorporate its importance as a policy goal
(cf. Mace et al. 2012).
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inland grasslands occur in the main catchment
areas of the region (Cadman et al. 2013). These
natural grasslands form an effective system for
water capture, high inﬁltration, and reduced ero-
sion, thereby regulating stream ﬂow in the rainy
season and maintaining ﬂows during the dry
seasons (Cadman et al. 2013).
At the local scale, particular grass species may
alter water supply by affecting inﬁltration rate
and storage capacity through variation in water
use efﬁciencies (Macleod and Ferrier 2011,
Volaire et al. 2014). The water regulation capac-
ity of grasslands (mainly timing and magnitude
of stream ﬂow) depends on season in both NE
(H€onigova et al. 2012) and SA (Everson 2001). In
NE, the supply is largely dependent on small-
scale heterogeneity in soil texture and hillslope
gradients which affect ﬂooding and erosion (Sou-
chere et al. 2003, Macleod and Ferrier 2011),
while in SA, the processes operate at larger catch-
ment scales. Furthermore, SA grasslands are dor-
mant over the dry winter season and so there is
no transpiration loss, compared with an ever-
green vegetation cover. This maintains the peren-
nial ﬂow of the rivers and provision of water to
downstream users during the critical low ﬂow
period. Grasslands can reduce surface runoff
with 20%, or more, compared to arable land
(Macleod and Ferrier 2011). Hence, grasslands
presently contribute to water supply and ﬂood
regulation in SA and can also affect these ES in
NE (see also below).
Climate regulation
The processes of carbon sequestration, carbon
storage as soil organic matter, and ﬂuxes of
greenhouse gases in grasslands are intimately
linked to each other. It is well established that
carbon sequestration increases when grassland
management is intensiﬁed by increased nutrient
inputs, especially nitrogen (e.g., K€atterer et al.
2012, He et al. 2013). However, the climate miti-
gation effect of intensiﬁed management may be
offset by increased emissions of greenhouse
gases other than CO2 (see below).
Permanent grasslands store large amounts of
carbon in the soil (Lal 2004, Soussana et al. 2010,
Bullock et al. 2011, Lemaire et al. 2011, Smith
2014), much more than croplands, and some-
times as much as forest soils (Farley et al. 2013,
Burrascano et al. 2016). This carbon is rapidly
decomposed and released as CO2 if grasslands
are transformed into cropland or intensiﬁed by
plowing and re-sowing (Soussana et al. 2007,
2010, K€atterer et al. 2012). Hence, grasslands and
their management play a role as potential sinks
in the global carbon cycle (Lal 2004), both in NE
and in SA. Plant species composition also inﬂu-
ences carbon and nitrogen storage and dynamics
in grasslands (e.g., Lemaire et al. 2011, Laliberte
and Tylianakis 2012).
Grasslands are also sources of greenhouse
gases as ruminant livestock produce methane
(CH4), although so do many wild ungulates (Du
Toit et al. 2014). The water table in grasslands
also affects GHG ﬂuxes; wetter grasslands often
produce methane, while drier grasslands do not
(Acreman et al. 2011). In addition, nutrient appli-
cation to grasslands to increase livestock produc-
tion results in N2O emissions (Soussana et al.
2010). These issues have received far less atten-
tion than carbon sequestration (exceptions are,
e.g., Smith et al. 2008, Soussana et al. 2010, Bel-
larby et al. 2013, see also Bullock et al. 2011).
How these processes balance in terms of total cli-
mate mitigation is not clear (Soussana et al.
2010) and may vary with soil properties such as
carbon content (Meyer et al. 2016) or bulk den-
sity (Carolan and Fornara 2016). Bellarby et al.
(2013) argued that beef and dairy production on
natural grasslands and rough grazing land, as
opposed to intensive grain-fed production from
croplands, may reduce GHG emissions. This
would require less intensive grazing systems and
use of rough grazing lands, but may have other
environmental beneﬁts, such as improved biodi-
versity in high nature value grasslands. The car-
bon sequestration potential of grasslands, and
whether it can balance the negative effect of live-
stock on GHG emissions, is debated. Many argue
that the C-sequestration potential of grasslands
is limited and not able to balance the livestock
emissions of methane (e.g., Smith 2014, Garnett
et al. 2017, R€o€os et al. 2017). Other authors sug-
gest that grazed grasslands may indeed have a
positive climate impact, at least in particular situ-
ations (e.g., Bellarby et al. 2013, Batalla et al.
2015, Klumpp et al. 2017).
Erosion prevention
Permanent vegetation protects against soil ero-
sion by reducing water runoff and stabilizing the
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soil. Permanent grasslands can, if not overgrazed
or mismanaged, contribute greatly to soil erosion
prevention, both in NE (e.g., Souchere et al.
2003, Verheijen et al. 2009, Pilgrim et al. 2010)
and in SA, where high energy rainfall and steep
gradients result in high erosion potential (Blig-
naut et al. 2010, Dlamini et al. 2011; see also Fu
et al. 2011 for China, and Peri et al. 2016 for
Patagonia). Grasslands often show <10% of the
soil erosion seen on croplands (Verheijen et al.
2009, Cerdan et al. 2010), although forested land
has even lower erosion (Cerdan et al. 2010). Ero-
sion prevention by grassland vegetation is
strongly coupled to other services relating to
water supply and regulation, carbon sequestra-
tion, and soil fertility (e.g., Pilgrim et al. 2010,
Hou et al. 2017).
In NE, the location of grasslands in the agricul-
tural landscape is of great importance. For exam-
ple, Souchere et al. (2003) showed that in
landscapes where grasslands had been converted
to cropland water runoff (i.e., less inﬁltration),
soil erosion and soil loss increased greatly, but
also that a small increase in the amount of grass-
lands could, if well placed, contribute greatly to
erosion control.
Fodder and livestock production, food quantity,
and quality
Plant biomass (fodder) production provides
the basis for all grassland ES related to animal
production. Although fodder production varies
with soil nutrients, moisture and level of grazing
(Tainton 1999, Lemaire et al. 2011, UK NEA
2011, O’Mara 2012), the productivity in natural
and semi-natural grasslands is lower than in
improved grasslands and fodder-producing
ﬁelds. Not only fodder quantity, but also quality,
that is, digestibility, is important for meat and
dairy production. Generally, the digestibility of
natural and semi-natural grassland fodder is
lower compared to that from improved grass-
lands, since the former contain more C4 plants
generally having lower digestibility and protein
content than C3 species (Poppi 2011). In addition,
differences in digestibility are also attributed to
fertilizer addition (ibid).
In NE, the quality of livestock products may
be greater from semi-natural grasslands than
from more intensive systems. Meat from animals
grazing on natural grasslands contains less fat,
regardless of breed (Fraser et al. 2009). Anecdo-
tal information suggests that meat produced
from natural and semi-natural grassland has a
higher nutrient content and better taste, but this
needs more investigation (Bullock et al. 2011).
According to Coulon et al. (2004), cheese pro-
duced from livestock feeding on species-rich
grasslands had better taste, aroma, and texture
than cheeses from species-poor grasslands. How-
ever, meat from livestock feeding exclusively on
semi-natural grasslands may not necessarily
meet the quality and quantity demands from the
meat industry but can be considered in alterna-
tive market chains (Bedoin and Kristensen 2013).
These authors also point out that the deﬁnition
of meat quality depends on which criteria differ-
ent market chains consider important (ibid).
Other products (wild foods, plant-based raw
materials)
There is no scientiﬁc documentation of high
supply of wild foods from grasslands in SA or
NE, although rural communities in SA often
depend on food and other products from nature
areas and commons for subsistence (Shackleton
and Shackleton 2015, Nkambule et al. 2016).
Materials such as thatch grass for houses are
locally utilized in SA (Van Oudtshoorn 2012).
Medicinal plants are regularly used by more than
half the South African population, with an
annual trade in a single province, KwaZulu-
Natal, of over 4000 tonnes of plant material com-
prising more than 700 species and worth US
$13 million (Mander 1998). More than half of the
most traded species originate from grassland.
However, such products are not considered
important in Europe (Bullock et al. 2011,
H€onigova et al. 2012).
Crop production in croplands
Historically, grasslands in NE and SA played a
large role for cropland production by providing
nutrients to arable ﬁelds through manure of
grazing animals. This decreased greatly when
crop rotations with legumes and inorganic fertil-
izers were introduced in the 20th century (Ema-
nuelsson 2009). Today, the main ES from
grasslands that directly affect agricultural pro-
duction positively are pollination and biological
control. Both were suggested to be enhanced by
nearby grasslands in a US study (Werling et al.
 ❖ www.esajournals.org 11 February 2019 ❖ Volume 10(2) ❖ Article e02582
SYNTHESIS & INTEGRATION BENGTSSON ET AL.
2014). The role of semi-natural biotopes, includ-
ing grasslands, for biological control has been
discussed extensively (e.g., Tscharntke et al.
2007), but the speciﬁc role of grasslands is less
clear, as many studies report effects of landscape
structure and non-crop habitats in general. Jon-
sson et al. (2014) showed increasing potential for
biological control with the proportion of grass-
land in the landscape. Pollination of insect-polli-
nated crops may be higher close to adjacent
grasslands (Taki et al. 2010, Werling et al. 2014).
However, there are surprisingly few studies
explicitly relating grasslands to crop pollination,
given the large attention to pollinator responses
to landscape structure (e.g., Klein et al. 2007,
Kennedy et al. 2013).
CULTURAL ECOSYSTEM SERVICES FROM
GRASSLANDS
Tourism, recreation, and hunting
Natural and semi-natural grasslands are
important parts of the cultural landscape in
Europe (Emanuelsson 2009). Some grasslands
are protected as nature reserves or national
parks and are often advertised as hotspots for
local and national tourism (Everson and Morris
2006, Fischer et al. 2008) in both NE and SA. In
NE, much of the semi-natural grassland is pro-
tected (Bullock et al. 2011), but only a small
percentage of the SA grassland area is under
protection (Rouget et al. 2004). However, since
many recreational activities are related to the
broader landscape, it is difﬁcult in NE to sepa-
rate the role of semi-natural grasslands from
that of improved grassland (UK NEA 2011) and
the overall heterogeneity of the landscape. A
cultural landscape containing grasslands can
also be a tourist attraction in itself (e.g., South
Downs National Park in England, the Swiss
Alps, the SA Drakensberg grasslands) with the
landscape potentially playing a signiﬁcant role
in a World Heritage context (Buckley et al.
2008). Many outdoor recreation activities such
as bird watching, hiking, or hunting are linked
to open landscapes (H€onigova et al. 2012),
although in most cases the speciﬁc contribution
from grasslands has not been examined. Nkam-
bule et al. (2016) report that local household
members use SA grassland areas for recreation
and cultural purposes.
Cultural heritage, spiritual, and social cohesion
The extensive use and traditional manage-
ment have made grasslands in NE highly
appreciated for their cultural heritage (Fischer
et al. 2008, Lindborg et al. 2008). Many are
parts of agri-environmental subsidy systems
both for their biological and for their cultural
value. Grasslands are also associated with other
cultural services such as spiritual, aesthetical,
and social coherence (Bullock et al. 2011,
Lamarque et al. 2011, H€onigova et al. 2012).
Many semi-natural grasslands in NE are located
on ancient sacred places such as burial mounds
and have been kept open by livestock for thou-
sands of years (Lindborg et al. 2008). Tradi-
tional management of grasslands in terms of
hay-making has played an important role as
social cohesion among villagers and still does
(Stenseke 2009).
Cultural aspects of livestock
Livestock keeping plays an important role in
the cultural–economic history of SA (Ainslie
2013). The traditional herding system for cattle
keeping is an integral part of social cohesion in
rural landscapes (Salomon et al. 2013).
Scientific studies
Grassland studies is one of the scientiﬁc areas
that have contributed most to development of
general ecological knowledge and theory, being
the testing ground for many ecological theories
such as productivity–diversity relationships
(Hector et al. 1999, Tilman et al. 2001), coexis-
tence theory (Silvertown 2004), plant strategy
theory (Grime 1974), and many other ﬁelds. In
SA, research on grasslands has been important
for, for example, succession theory (Roux 1969)
and the role of ﬁre in ecosystems (Bond and van
Wilgen 1996). Research from SA catchment areas
has contributed signiﬁcantly to the understand-
ing of hydrological processes (N€anni 1970a,b,
Everson 2001).
GRASSLAND MANAGEMENT PLANNING
Natural (SA) and semi-natural (NE) grasslands
showed both similarities and dissimilarities in
terms of ES supply and demand (Table 1). These
differences, when considered in relation to syn-
ergies and trade-offs (Fig. 3), will have
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implications for management decisions. The
demand for water-related services from grass-
lands is of fundamental importance in the largely
semi-arid SA and in similar regions requiring
large-scale management to guarantee sufﬁcient
water supply to areas of greatest water consump-
tion in the region (Nel et al. 2013). In contrast,
the supply of water-related ES from NE grass-
lands is less acknowledged (but see, e.g., Acre-
man et al. 2011). However, several studies
suggest that the role of semi-natural grasslands
for water supply and ﬂow regulation can be
enhanced with appropriate landscape manage-
ment (see below).
The cultural use of ES is pronounced in both
SA and NE. In the late 19th century, semi-nat-
ural grasslands dominated many landscapes
and played a large cultural role as parts of the
everyday life of rural people in western and
northern Europe (Emanuelsson 2009). Increas-
ing demand for multiple services like water
and meat production, and an overall increased
awareness of the ES supply potential of grass-
lands, could help to re-invigorate the cultural
role of grasslands and strengthen the synergy
between the multiple ES they supply (Stenseke
2009). The cultural role of grasslands has pri-
marily been acknowledged when discussing the
effects of intensiﬁcation of agriculture globally,
but the loss of cultural values is also an impor-
tant negative aspect of abandonment of tradi-
tionally managed small-scale farming in NE
(Queiroz et al. 2014). The negative impact, espe-
cially on cultural values and biodiversity-
related services such as pollination and biologi-
cal control, has been acknowledged within the
European Union through subsidy systems like
agri-environmental schemes (Kettunen et al.
2009).
We found some, probably inevitable, trade-offs
between certain services (note that the identiﬁed
bundles do not necessarily show trade-offs, as
the ES in different bundles may also be indepen-
dent of each other): Increasing fodder production
for livestock (meat) production by management
intensiﬁcation through plowing and re-sowing,
resulting in loss of natural and semi-natural
grasslands, is likely to trade off with the mitiga-
tion of GHG emissions, carbon storage, and car-
bon sequestration (indicated in Fig. 3; see
Soussana et al. 2010 for a balanced discussion).
Biodiversity is well known to trade-off with
intensiﬁed management (Stoate et al. 2009, UK
NEA 2011, Burrascano et al. 2016). However,
these and several other trade-offs can be modi-
ﬁed or avoided by appropriate management
practices, and these are important to identify. For
example, well-managed grazing by livestock on
natural or semi-natural grassland can keep GHG
emissions to a minimum as opposed to intensive
grain-fed animal production with higher emis-
sions level (Peyraud 2011, Bellarby et al. 2013).
Trade-offs associated with overgrazing could
also be greatly reduced if grasslands are well
managed. If livestock density is kept below car-
rying capacity, it is possible to improve water
regulation (Turpie et al. 2008), carbon storage
(Lal 2004, Soussana et al. 2010), erosion preven-
tion (Fu et al. 2011), keep GHG emissions low
(Soussana et al. 2010, Bellarby et al. 2013),
enhance pollinator diversity (Sj€odin et al. 2008),
and improve cultural ES (Stenseke 2009,
H€onigova et al. 2012). These beneﬁts are
not solely obtained from grazing by cattle, but
also horses, sheep, goats, and combinations of
grazers may contribute to good management
and multiple ES from grasslands (e.g., Anderson
et al. 2012).
The bundle including the regulating services
pollination and biological control also included
biodiversity. These two services, as well as biodi-
versity, are linked to the population dynamics of
the service-providing species (often inverte-
brates). In NE, the decreasing quantity and qual-
ity of semi-natural grasslands are linked to
declines in biodiversity and related ES (Stoate
et al. 2009, Bommarco et al. 2012). Here, semi-
natural grasslands can contribute greatly to over-
all landscape biodiversity despite their small
area, and management should be focused on
increasing their area and quality, which as we
show can have positive effects on other ES. The
vast areas of SA grasslands are also important
for biodiversity. Although they are more intact
than the current grasslands of NE, they are also
becoming increasingly fragmented due to trans-
formation to arable land, especially in more
moist and fertile areas. Our results indicate that
conservation of large remaining grassland areas
and well-managed grazing may protect biodiver-
sity as well as the important water-related ES in
this area.
 ❖ www.esajournals.org 13 February 2019 ❖ Volume 10(2) ❖ Article e02582
SYNTHESIS & INTEGRATION BENGTSSON ET AL.
CONCLUDING DISCUSSION
Food security and sustainable intensiﬁcation of
food production have become key issues for
science and policy (e.g., Godfray et al. 2010, Foley
et al. 2011, SCAR 2011, Bommarco et al. 2013,
Garnett et al. 2013, Poppy et al. 2014). Given the
projected adverse effects of climate change on crop
production, increasing food demand, and
increased demand for energy and nutrient inputs,
future food production most likely will need to
use land areas that cannot, for various reasons,
support crop production. Much of this discussion
has neglected the importance of grasslands and
rangelands (but see, e.g., SCAR 2011, Foley et al.
2011, O’Mara 2012). Covering twice the area suit-
able for crop production, the potential role of
grasslands for global food security should be bet-
ter recognized. Ruminant grazers are efﬁcient con-
verters of non-edible plant biomass such as grass
into human-edible energy and nutrients (e.g.,
O’Mara 2012) and can do so without competing
with humans for use of crops for foodstuffs. Fur-
thermore, grassland dairy and meat production
systems may not necessarily have the large climate
effects attributed to intensiﬁed meat production
based on cropland (Soussana et al. 2010, Peyraud
2011, Bellarby et al. 2013). Grasslands, because of
their lower productivity, will probably not be able
to fully substitute for cropland-based meat pro-
duction to meet projected trends of increased meat
demand globally (Garnett 2011, Kellermann and
Salhofer 2014). However, with diet changes
toward lower cropland meat consumption in
developed countries and increasing concern about
mitigating climate change and developing sustain-
able agricultural production systems, grasslands
have great potential to contribute to food security,
along with other important beneﬁts related to bio-
diversity and a range of ES (see, e.g., Bullock et al.
2011, Garnett 2011).
We have shown that natural and semi-natural
grasslands, in addition to having high biodiver-
sity, can supply additional services highly
demanded from society, for example, water sup-
ply and ﬂow regulation, carbon storage, erosion
control, cultural values, pollination, and biologi-
cal control of agricultural pests, and that appro-
priate management makes it possible to create
synergies and avoid trade-offs among many of
these services. The potential for grasslands to
deliver these ES is likely to be substantial, and it
is unlikely that conversion of grassland to forest
will supply many of these services at comparable
rates (Burrascano et al. 2016). Biodiversity and
ES thus provide major arguments for maintain-
ing grazed grasslands despite the large climate
effects of methane-emitting livestock. We argue
that the multifunctional role of semi-natural and
natural grasslands is still surprisingly understud-
ied compared to other production systems.
Hence, not just biodiversity research and policy
but also ecosystem service, climate, and food
security research and policy should give higher
priority to how grasslands and rangelands can
be managed for fodder and meat production as
well as for biodiversity and the other ES dis-
cussed here. By integrating grasslands into agri-
cultural production systems and land-use
decisions locally and regionally, it is possible to
increase their potential to contribute to multi-
functional landscapes and to biodiversity conser-
vation as well as food security and sustainable
livelihoods at the global scale.
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